Influence of various stimuli on the DC resting potentials of the large arteries / by Duncan, Ronald Ian,
This dissertation has been 65—12,608 
m icro film ed  exactly as received
DUNCAN, Ronald Ian, 1933- 
IN F L U E N C E  OP VARIOUS S T IM U L I ON TH E  
DC RESTING  P O T E N T IA LS  O F TH E LARGE  
A R TE R IE S .
The U n ivers ity  of Oklahoma, P h .D ., 1965 
Physiology
University Microfilms, Inc., Ann Arbor, Michigan
THE UNIVERSITY OF OKLAHOMA 
GRADUATE COLLEGE
INFLUENCE OF VARIOUS STIMULI ON THE DC RESTING POTENTIALS 
OF THE LARGE 'ARTERIES
A DISSERTATION 
SUBMITTED TO THE GRADUATE FACULTY 
In p a r t ia l  fu l f i l lm e n t  of the requirements fo r the
degree of 
DOCTOR OF PHILOSOPHY
BY
RONALD IAN DUNCAN 
Oklahoma C ity ,  Oklahoma 
1965
INFLUENCE OF VARIOUS STIMULI ON THE DC RESTING POTENTIALS 
OF THE LARGE ARTERIES
DISSERTATION COMMITTEE
ACKNOWLEDGEMENT
Full appreciation Is expressed to Doctor Chesterfie ld  G. Gunn, 
Doctor Francis J. Haddy, Doctor M. Jack Keyl, Doctor Garmon Harlow Daron, 
and Doctor Clinton M. M i l le r ,  i l l ,  fo r  th e ir  advice and help in the 
execution of th is  research problem. This investigation was supported in 
part by a Public Health Service Fellowship (Number GPM 16,956) from the 
National In s t itu tes  of Health, and in part by a Public Health Service 
Grant (Number He 3111) from the National in s titu tes  of Health.
i l l
JABLE OF CONTENTS
Page
LIST OF TABLES.................................................................................................................  vî
LIST OF ILLUSTRATIONS......................................................................................................... v i i
Chapter
I .  INTRODUCTION...................................................................................................... I
I I .  MATERIALS AND METHODS...............................................................................  4
Equipment Considerations . .............................................................  4
Electrode Fabrication ..........................................................................  7
Amplifying Apparatus ..........................................................................  14
Recording Apparatus..............................................................................  15
Miscellaneous Equipment...................................................................... 15
I I I .  EXPERIMENTAL PROCEDURES...........................................................................  17
Preliminary Experiments...................................................................... 17
Surgical Procedures..............................................................................  17
Resting P o te n tia l ...................................................................................  19
Pressor and Depressor Agents ......................................................... 20
Vasoconstriction ...................................................................................  21
Traum a.......................................  21
S t a s i s ........................................................................................................  22
IV. RESULTS    23 -
Electrode Evaluation ..........................................................................  23
Measuring System D r i f t  ...................................................................... 23
E lec tr ic a l  Noise In Animal .............................................................  24
Resting Potentials .....................   25
Heparin E f f e c t ..................................................................................   . 25
Iv
V.
V I.
Blood Pressure Change E ffect . 
Local Vasoconstriction E ffec t.  
Artery Wall Damage E ffec t .  . . 
Occlusion and Stasis E ffec t .  .
C lotting E f fe c t ...............................
DISCUSSION................................................
SUMMARY ....................................................
BIBLIOGRAPHY
Page
28
35
37
39
42
44
50
52
LIST OF TABLES
Table
1 .
2 .
3.
4.
5.
6.
7.
8.
9.
10. 
1 1 . 
12.
13.
14.
15.
16.
Resting Potential Differences Between Artery Lumen and 
A dventit ia , with Electrode Catheters Juxtaposed, Over 
Ten Minute Periods in Twenty D if fe ren t Cats..................
E ffect o f Heparin on the Potential in Nine Cats.
E ffect of Control Solution, 0.85% Sodium Chloride, on 
Potential in Nine Cats .............................................................
the
Effect of Epinephrine on the Potential in Eight Cats
E ffect of Angiotensin on the Potential in Eight Cats
Effect of Vasopressin on the Potential in Four Cats.
E ffect of Norepinephrine on the Potential in Eight Cats. .
E ffect of Adenosine Triphosphate on the Potential in Four 
C a t s ................................................................................................................
E ffect of Acetylcholine on the Potential in Eight Cats . .
E ffect of Bradykinin on the Potential in Four Cats . . . .
E ffect of Histamine on the Potential in Four Cats. . . . .
E ffect of Vasoconstriction on the Potential in Six Cats. .
Effect of Trauma on the Potential in Six Cats..........................
E ffect of Occlusion on the Potential in Nine Cats. . . . .
E ffect of Stasis on the Potential in Ten Cats..........................
Means of Potential Changes Following the Various Stimuli .
Page
27
29
29
30
31
32
32
33
34
35
35
36 
38
42
43 
46
V I
LIST OF ILLUSTRATIONS 
Figure Page
1. Electrode Plating System ........................................................................... 9
2. Semischematic Diagram of Apparatus .....................................................  I i
3. Mounted Electrode......................................................................................   . 12
4 . Electrodes, Stopcocks and Stand. .....................................................  13
5. Outer Electrode Catheters........................................................................... 14
6. Screened Room and Instrument Set-up............................................  16
7. Electrode Catheters on A rte ry ..................................................................  18
8. Sample Trace of Normal Resting Potential Near Renal
A r t e r i e s ............................................................................................................  24
9. Pattern of Resting Potentia ls  on Aorta, in M i l l i v o l ts ,
in One Animal. .  .......................................................................................  26
10. Histogram of Resting Potentia ls  Found in Twenty Cats . . . .  28
11. Sample Trace of Response to Epinephrine.............................................  30
12. Sample Trace of Response to Acety lcholine........................................  34
13. Coagulated A rte ry ............................................................................................  40
14. Abraded A r t e r y ................................................................................................  41
15. Sample Trace of Response to Occlusion.................................................  41
V I  I
INFLUENCE OF VARIOUS STIMULI ON THE DC RESTING POTENTIALS 
OF THE LARGE ARTERIES
CHAPTER I 
INTRODUCTION
Blood ce lls  and other formed elements In the blood carry a nega­
t iv e  charge when a t  the pH of blood. The sign and magnitude of th is  
charge have been extensively investigated using e lectrophoretic  techniques 
with the formed elements in plasma or blood substitutes (1 to 11). What
is probably the f i r s t  recorded reference to the e le c t r ic a l  nature of blood
is the observation, by Scudamore in 1824, that blood prec ip ita ted  on the 
anode but not on the cathode (12 ) .  No fu rth e r  observations o f  th is  nature 
were reported u n ti l  Dineur investigated the e le c t r ic a l  character is t ics  of 
leucocytes in 1093 (33), and Poore, in 1895, suggested the p o s s ib i l i ty  of 
taking advantage of these e le c t r ic a l  character is t ics  by catalyzing coagu­
la tion  with an e le c t r ic  current (13). This was again mentioned as a possi­
b i l i t y  by Skene in 1099 (14 ).
Abramson (1 to 8) was probably the most active  investigator of  
the e le c t r ic a l  characteris t ics  of blood elements in the 1920's and 1930's. 
In one of his f i r s t  papers (1) he hypothesized that the migration of  
leucocytes to an in jury was due to the a t t r a c t iv e  force of the pos itive  
in ju ry  potentia ls  (15) exerted on the negative blood c e l l .  This was also
2the hypothesized mechanism by which the c lo t  was caused to form on the 
intimai wall following a r te r ia l  in jury (16 to 19)- The basis for this  
thesis was that the sludging in a r te r io le s  and c a p il la r ie s  of the rat  
mesentery which is supposedly caused by the in jury potential of a cut 
muscle applied to the mesentery is identica l to the sludging which is 
induced in the same a r te r io le s  and c a p i l la r ie s  by passing a d irec t  
current from one side of the vessels to the other (20). Sawyer and his 
group (16 to 19) reported a large resting potentia l,  lumen negative, 
across the wall of the aorta. This potentia l changed p o la r i ty  following  
in ju ry ,  making the lumen positive with respect to the a d v e n t it ia .  This 
work now f i t  into the p icture of an e lectrophoretic  genesis of thrombus 
formation. The d irec t io n  of the current flow is the causal factor in 
e le c t r ic a l ly  induced coagulation since a beginning c lo t ,  p rec ip ita ted  
onto the intimai surface which is at the more positive potentia l in the 
e le c t r ic  f ie ld  » w i l l  lyse and the elements w i l l  go back into solution  
when the d irec tion  of the current flow is reversed. A clumping of 
formed elements w i l l  now occur on the intimai surface which was at the 
less positive  potentia l but is now at the more positive potentia l in the 
f i e l d .
I t  has thus been shown that minute amounts of d ire c t  current w il l  
induce c lo t t in g .
A blood pressure increase, per se, may by its  hydraulic pressure 
on the walls of the a r te ry ,  collapse the vasa vasorum, thus leading to 
ischemia of the vessel w a ll .  Vasoconstriction could also lead to ischemia 
by forcing the vasa vasorum closed as the smooth muscle in the vessel wall 
contracts .
Many reports of central nervous system stimulation leading to
3blood pressure changes and vasoconstriction have been made (21 to 27). 
Stimulation in the same areas of the hypothalamus c ited  in these papers 
was followed by increased atherosclero tic  plaque formation in rabbits fed 
a cholesterol d ie t  (28).
These three facts: stim ulation leading to plaques, stimulation  
leading to blood pressure changes, and the e le c t r ic a l  induction of 
thrombi, led to the following hypothesis: 1) the changes in blood
pressure following hypothalamic stimulation may have been caused in part  
by vasoconstriction and in part by cardiac changes, 2) this blood pressure 
change could cause local vessel wall ischemia, 3) th is  ischemia could 
cause edema of the vessel w a ll ,  4) th is edema could lead to the production 
of an in ju ry  p o ten tia l,  5) th is  in jury potentia l would a t t ra c t  the fa t  
moieties and formed elements of the blood and thereby enhance thrombus 
formation, and subsequently plaques.
An experiment was designed to test th is  hypothesis a t  the a r te ­
r ia l  level of description by measuring the potentia l from lumen to 
a d v e n t it ia ,  and the changes in th is  potential which followed various 
stim u li:  blood pressure changes, to ta l wail damage j^y .crush ing), intimai
and a d v e n t it ia l  damage, and local vasoconstriction.
CHAPTER 11 
MATERIALS AND METHODS
Equipment Considerations 
Many processes in the liv ing  organism are accompanied by the 
production of an e le c t r ic  potentia l (15» 29 ) .  Most commonly only those 
potentia ls  which change rapid ly  in magnitude are studied. There are two 
main reasons fo r  th is :  the d i f f i c u l t y  in making electrodes which are
stable enough and which w i l l  not introduce into the measuring c i r c u i t  
more potentia l change than is aris ing from the system being measured 
and, u n t i l  recently, the d i f f i c u l t y  in manufacturing and using am plif ie rs  
which w i l l  follow slow, small changes in potentia l (29).
Reference, or revers ib le , electrodes can be used to measure small 
DC potentia ls  in an e le c t ro ly te  milieu (30 ) .  These electrodes consist of 
an active  portion, in contact with the system being measured, which con­
tains a t  least two ions. One of these ions is in equilibrium with  the 
system being measured and the other is in equ ilibrium  with the metal in 
the inacti.ve portion of the electrode. In most cases concerned with  
l iv in g  organisms the ion in equilibrium with the organism is chloride and 
the ion in equilibrium  with the measuring system is e ith er  s i lv e r  or mercury. 
Thus there are two basic types of reversible electrodes used in b io logical  
work: s i lv e r -s i lv e r  chloride and mercury-mercury chloride (calomel). Both
5of these function In the same manner— the active  layer (s i lv e r  or mercury 
chloride) is nearly insoluble in the e le c tro ly te  m ilieu  and therefore  
does not dissolve. An e le c t r ic  current caused to flow in the one d irec­
tion w i l l  remove the negative ions (chloride) from the electrode layer 
and put them into solution with the concomitant deposition of positive  
ions (s i lv e r  or mercury) onto the metal of the e lectrode. An e le c t r ic  
current caused to flow in the other d irection  causes the negative ion 
(chloride) from the e le c t ro ly te  to associate with the positive ion 
(s i lv e r  or mercury) from the metal of the electrode thus increasing the 
amount of m etal-chloride layer. These two actions of the reversib le  
s i lv e r -s i lv e r  chloride electrode are connected and controlled by the solu­
b i l i t y  equilibrium  constant of the solid s i lv e r  ch loride. Thus:
K g  =  ( 3 A g + )  (a c i- )  
where: ®Ag+ is the a c t iv i t y  co e ff ic ien t  of s i lv e r  ion and ®C1 is the
a c t iv i t y  co e ff ic ien t  of chloride ion and is the a c t iv i t y  s o lu b i l i ty  
product of s i lv e r  ch loride. For best resu lts , the amount of current 
passed through the electrodes should be very small.
The commonly a va ilab le  electrodes cannot be used with assurance 
a t potentia ls  below approximately one m i l l iv o l t  because they d r i f t  an 
appreciable fra c tio n  of th is  amount over a r e la t iv e ly  short period of 
time. This d r i f t  is almost non-existent i f  the electrodes are isolated by 
means of a p l a s t i c ,  sintered glass, asbestos, or other porous plug from 
the ionic m ilieu which they are measuring. These sealed electrodes, 
however, cannot be used in contact w ith blood, since c lo t  formation on 
the end of the electrode produces spurious potentia ls  (31 ,32). Therefore  
some means of removing these clots must be provided.
These problems become much more important when the potentials
6being measured are well below the one m i l l i v o l t  le v e l .  The potentials  
which appear to be generated by clots on the end of the electrode are as 
large as one m i l l i v o l t .  The d r i f t  of most unsealed electrodes is 
sometimes more than a few hundred microvolts per hour, and the d r i f t  of 
most DC am plif ie rs  is usually more than one m i l l i v o l t  per hour referred  
to the input o f the a m p lif ie r .
The d r i f t  of the unsealed electrodes is caused mainly by d i f fu ­
sion of the e le c t ro ly te  being measured into the e lec tro ly te 'used  in the 
electrodes. This d iffus ion  can be made as small as desired by using small 
bore catheters fo r  the electrode tubing. However, a small bore catheter  
f i l l e d  w ith  e le c tro ly te  is a poor conductor, having a resistance of several 
hundred megohms i f  very long. In add ition , i t  is very d i f f i c u l t  to flush  
clots  out o f a small bore. The use of a saturated potassium chloride  
solution fo r  the e le c t ro ly te  w i l l  decrease the resistance of the e lec­
trodes but th is  solution is toxic  to l iv in g  organisms. Since i ts  e f fe c t  
in th is  preparation was unknown, a 0.85% sodium chloride solution would be 
preferable in th is  experiment.
High resistance electrodes may be used i f  the input resistance of 
the a m p l if ie r  being used is many times the resistance of the electrodes. 
High input resistance am plif ie rs  are usually unstable and therefore d i f ­
f i c u l t  to  use. In addition to having a high input resistance the am­
p l i f i e r  must have a low input current so as not to introduce more signal 
in to  the measuring c i r c u i t  than is being introduced by the measured system.
Potentia ls  are induced into long, high resistance electrodes by 
changes in the e le c tro s ta t ic  f ie ld  in which they are placed. These f ie ld  
changes may be caused by movements of the investigator, movements of the
7animal or movements of other people In the room. The potentia ls  induced 
by these movements in th is  experiment were many times larger than the 
potentia ls  being measured. Therefore the animal, the electrodes, and the 
input c i r c u i t  of the am p lif ie r  should be shielded from the investigator.
A l l  e le c t r ic a l ly  operated equipment in contact with the animal; 
infusion pump, blood pressure transducer, stim ulator, and am plif ie r  must 
have v i r t u a l l y  complete iso la tion  from the e le c t r ic  mains as any addi­
t ional ground introduced by any of th is  equipment w i l l  produce large and 
variab le  po ten tia ls .
The DC resting potentia l d ifference between the lumen and the 
ad v en tit ia  o f the aorta, the common i l i a c ,  and the femoral a r te r ie s  was 
measured in the unstimulated, anesthetized animal. For th is  measurement 
the two electrodes were ca re fu l ly  juxtaposed, one inside, and the other 
outside, the a r te ry .  Following th is  measurement various stimuli were 
applied to the animal and the potentia l changes following the stimuli were 
recorded. The stim uli were of four types: I)  a r te r ia l  wall damage, 2)
changes in blood pressure, 3) local vasoconstriction, and 4) interruption  
of blood flow.
Electrode Fabrication  
S i lv e r -s i lv e r  chloride electrodes were chosen fo r  the experiment 
because mercury-mercury chloride electrodes are unstable mechanically and 
thermally and are re la t iv e ly  d i f f i c u l t  to manufacture.
A l l  glassware used in the preparation of the electrodes was soaked 
for a t  least twenty-four hours in a saturated solution of potassium d i-  
chromate and technical grade sulphuric acid to remove foreign ions from 
the surface. A ll  reagents used were the purest ava ilab le  commercially and
8the water used was fresh ly  d is t i l l e d  using a t r ip le  d i s t i l la t io n  Pyrex 
s t i l l .  The r e s is t iv i ty  of th is  water was hot measured, but i t  was higher 
than the best commercially ava ilab le  water which was greater than one 
m il l io n  ohm-centimeters. The s i lv e r  wire used exceeded 99.999% purity .
The wire was f i l e d  and polished to a m irror f in is h  thus e l im i­
nating a l l  surface i r r e g u la r i t ie s .  Number 10 B & S gauge s i lv e r  wire was 
used fo r the electrodes because smaller diameter w ire bent with the small 
stresses attendant upon mounting i t  and th is  bending cracked the very 
b r i t t l e  s i lv e r  chloride layer rendering the electrode unstable. The 
larger diameter wire did not su ffer thus and approximately ten square 
centimeters of active area per electrode was prepared.
Before any chemical treatment of the electrodes was carried out 
the two polished electrodes were soldered together by a cross-wire to 
f a c i l i t a t e  handling and to connect the two together e le c t r ic a l ly .  This 
cross-wire extended between the two unfinished ends of the two electrodes. 
The electrodes were then soaked and scrubbed in carbon te trach lo ride ,  
then water, then a mixture of one to one ethyl alcohol and acetone, and 
f in a l l y  water. These solvents were considered s u f f ic ie n t  to remove a l l  
traces o f organic material from the wire and thus allow  an even, complete 
attack of the surface in the etching process. This etching process pro­
duced clean metal surfaces to which the p late  would adhere. A ll  f lu ids  
were poured over the electrodes with the polished ends up so that any 
foreign material washed o f f  the unfinished ends would not contaminate the 
clean surfaces. Better electrodes resulted from fresh ly  prepared w ire.
The etching process consisted of dipping the electrodes into a 
50% n i t r i c  acid solution and leaving them there u n t i l  a th ick, even layer
of bubbles formed on the surface. This took approximately t h i r ty  seconds. 
The electrodes were then withdrawn from the acid and immediately washed 
with water many times before p la t in g .
The p lating  bath was a 0.1 normal solution of hydrochloric acid. 
The p la ting  was done in the system as shown in Figure 1. The electrodes  
were cut apart to be connected into the p la ting  system. I f  any substance 
but the water or the p la ting  solution touched the etched surface a poor 
pla te  would result and th is  would result in an e r r a t ic ,  unstable e lec­
trode. This meant that the electrodes had to be suspended in the water 
during soaking.
0 -  100 KILOHMS 0 -  10 VOLTS
GLASS 
TUB IMG
Ag WIRE 
ELECTRODE
GLASS
TUBING
Ag WIRE 
ELECTRODE
P t P t  _  _
HCI
Fig. 1 .— Electrode p la ting  system
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The p la t ing  c i r c u i t  shown in Figure 1 in which a l l  the current 
flowing through one electrode must also flow through the other electrode, 
produces more evenly matched electrodes than i f  the electrodes are con­
nected together and plated in p a r a l le l .  The amount of electrode area 
exposed to the bath must be identica l for each of the two electrodes so 
that the s i lv e r  chloride layer is  the same thickness on each electrode.
A current of approximately 100 microamperes per square centimeter fo r  a 
period of approximately one ha lf  hour was used for the p la t in g . The elec­
trodes were watched and when the plate appeared to be smooth and satiny  
the electrodes were removed, connected together e le c t r ic a l ly ,  washed 
thoroughly in water, soaked fo r  a t  least one hour in several changes of 
water, then soaked overnight in 0.85% sodium chloride solution. The in te r­
electrode poten tia l was measured in the 0.85% sodium chloride bath and i f  
greater than ten microvolts the electrodes were discarded.
I t  was found that the treatment of the two electrodes had to be 
identica l from the time they were cut from the wire stock u n t i l  they were 
fin ished in order that the in tere lec trode potentia l be small. During any 
chemical treatment they had to be e l e c t r ic a l l y  connected, the areas exposed 
to the p la t ing  bath had to be id e n t ic a l ,  and, most important, everything  
that contacted the water, the p la t ing  bath and the electrodes had to be 
scrupulously clean.
A semi schematic diagram of the apparatus is shown in Figure 2.
Polyethylene or polyvinyl tubing large enough to accommodate the 
electrodes was washed with detergent and rinsed with water then inserted  
into glass tubing. The electrodes were c a re fu l ly  inserted into the p las t ic  
tubing and the whole was glued together with epoxy cement, ensuring that
11
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GLASS
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CHLORIDE 
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OUTER ELECTRODE 
CATHETER
INNER ELECTRODE 
CATHETER
SCREEN 
BOX AND 
ROOM
Fig. 2 .— Semi schematic diagram of apparatus 
no bare silver could come Into contact with the electrolyte (Figure 3 ).
The plastic tubing prevented the glass from scratching the silver chloride 
layer and the glass provided rig id ity  to the structure, preventing any 
mechanical stress from being applied to the s ilver chloride layer.
Enough 0.85% sodium chloride solution was prepared for each set 
of electrodes to soak the electrodes, to f i l l  the electrode catheters and 
to flush out the catheters. Any change In the electrolyte solution a fter
I
the electrodes had been equilibrated resulted In spurious potentials.
The plastic tubing leading from the electrodes was attached to 
one arm of a three-way Teflon and glass stopcock, another arm of which was
12
EPOXY
PLASTIC
Ag WIRE AgCI
0 .8 5  % NaCI
Fig. 3 .— Mounted electrode  
connected to a syringe and the th ird  arm led through several s ize re­
ductions of p las t ic  tubing to the electrode catheter (Figure 4 ) .  The 
inner electrode was a polyethylene catheter (PE 10 or PE 20 ) ,  The outer, 
electrode catheter took two forms (Figure 5 ) .
The h e lix  (Figure 5a) was made by wrapping the polyvinyl tubing 
(approximately of PE 10 size) around a wire and heating i t  to 125° cen ti­
grade. The end of the tubing was sealed and a pinhole was made on the 
inner aspect of one of the turns. This small hole allowed the e le c tro ly te  
In the catheter to conduct the current but reduced the e le c tro ly te  d i f ­
fusion to a neg lig ib le  amount. The h e lica l configuration allowed the ar­
tery to d i la te  and constrict without losing e le c t r ic a l  contact with the 
electrode.
The sealed electrode (Figure 5b) was formed of polyethylene tubing 
by heating and forming the end into a cup shape. This shape allowed the 
electrode to be glued to the outside o f the a rte ry  w ith Methy1-2 -Cyano­
acry la te  (Eastman 910) in order that changes in the pH of the tissue f lu id  
which followed the application of the phenol used to damage the adventit ia
13
would not reg is ter  as potentia l changes.
Fig. 4 . — Electrodes, stopcocks and stand 
When fin ished the two electrode catheters had a combined re­
sistance of four megohms. The syringe was used to force e le c t ro ly te  
through the electrode catheters to flush out c lo ts and to prevent changes 
in the composition of the e le c tro ly te  resulting from d iffu s io n . The stop­
cocks closed o f f  the system so that the blood pressure would not open the
14
syringe and f i l l  the system with blood (Figure 4 ) .
I • * 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  • 1 1 1 1  • 1 1  I
I I  2 )  31
Î N X I M E T E I
(a) (b)
Fig. 5 . --O uter electrode catheters
Amplifying Apparatus 
Ordinary twisted pa ir  copper wire was used to lead the potentia l  
being measured from the s i lv e r  electrodes to the input of the a m p lif ie r .
No thermocouple, t r ib o e le c tr ic  or p iezo e lec tr ic  e f fe c ts  were noticed.
This am p lif ie r  served as an impedance matching device and as an iso la tion  
unit between the animal and the recording instrument. The investigation  
began using a Bioelectronics DS2C electrometer input a m p lif ie r  but the 
very small potentia ls  found demanded such high am plif ica tion  in the follow­
ing recording device that the smail base-line  d r i f t  of the a m p lif ie r  made 
i t  impossible to keep the trace on the scale of the recorder. A Hewlett 
Packard Model 412A DC Voltmeter proved to be adequate fo r the job . This 
a m p lif ie r  has an input resistance of one hundred megohms. The o ve r-a l l  
s e n s it iv i ty  of the system could be increased beyond 10 microvolts per
15
centimeter of pen deflection  referred to the input of the am p lif ie r .  In­
creasing the s e n s it iv i ty  beyond th is  point revealed no fu rther  information 
because the signal to noise ra t io  became so small. The f i r s t  part of the 
experiment was an investigation of the sign and magnitude of the resting  
potentia ls  and fo r th is  a s e n s it iv i ty  of up to 10 microvolts per cen ti­
meter was used. The biggest problem with this s e n s it iv i ty  was the d r i f t  
in the in tere lectrode p o te n t ia l .  A fte r  aging the electrodes th is  po­
te n t ia l  can change as much as 30 microvolts in the course of a 3 hour 
experiment. This d r i f t ,  unlike the d r i f t  of the am p lif ie r  and recorder, 
cannot be checked during the experiment and allowed fo r in the resu lts .
Recording Apparatus 
The amplified potentia l was led from the am p lif ie r  to a DC Pre­
am p lif ie r  in a Grass Model 7 Polygraph. The record resulting was a 
standard ink-drawn recording. The Statham Pressure Transducer, Model 
P23A or P23G, used to measure the blood pressure was f i l l e d  with mineral 
o i l  to iso la te  the animal from the ground in the metal case and the blood 
pressure catheter was f i l l e d  with heparinized 0.85% sodium chloride so­
lu tion . The e le c t r ic a l  output from this transducer was led to another Low- 
level DC P re -am plif ie r  in the Polygraph.
Miscellaneous Equipment 
A Harvard Apparatus infusion pump was used to e i th e r  infuse the 
vasoactive agents into the vena cava or to drop the vasoconstrictor onto 
the a r te ry .
The e le c t r ic a l  stim ulation of the a r te ry  was carried out using an 
Electronics for L ife  Sciences Constant Current Stimulator Model CCS-1.
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This device has an input-output resistance of 10^  ^ ohms and an input- 
output capacitance of 50 p icro-farads. I t  was driven by a Grass Model 
S-5 Stimulator.
The animal, electrodes, and am p lif ie r  input c irc u its  were placed 
in a screened box and the whole w ith in  a radio frequency shielded room 
(Figure 6 ) .
• Fig. 6 .— Screened room and instrument set-up
CHAPTER I I I
EXPERIMENTAL PROCEDURES
Preliminary Experiments 
The potentia l f ie ld  In a sa line  bath was compared to the theo­
re t ic a l  f i e ld .  This was done by placing two s i lv e r -s i lv e r  chloride  
electrodes, one a t  e ith e r  end of a s ix  Inch long p las t ic  trough Inch 
wide and ^ Inch deep, In a bath of 0.85% sodium chloride solution ,  
passing a small d ire c t  current between these two electrodes and p lo tt in g  
the poten tia l  f i e ld  as measured by the two catheter electrodes. The 
theoretica l potentia l f ie ld  was then computed, assuming p a ra l le l  f lu x  
lines In the bath and assuming no po la r iza tio n  a t  the two end electrodes. 
Further In v i t r o  experiments were performed to measure the polygraph and 
a m p lif ie r  and electrode d r i f t s .  The e ffe c ts  on the In tere lectrode po­
te n t ia l  of the large potentia ls  Induced Into the electrodes by movements 
In th e ir  v ic in i t y  and of the large potentia ls  measured during e le c t r ic a l  
stim ulation were determined.
Surgical Procedures 
A single intraperitonea 1 In jec tion  of 45 milligrams sodium 
pentobarbital per kilogram of body weight was administered fo r  the anes­
th e t ic  In each of the t h i r ty  cats and s ix  rats used as the experimental 
animals. Further anesthetic was given as necessary throughout the
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experiment. In most animals a large midline incision was made extending 
from the xiphoid process to the pubic bone, the viscera were then removed 
from the abdominal cav ity  and placed on the table  and covered with warm 
saline sponges. The aorta or other a r te ry  was b lun tly  dissected free ,  
and the electrodes were then positioned in and around the arte ry  (Figure 7)
ARTERY
INRER
ELECTRODE
CATHETERLUMEN
  PINHOLE
OUTER
ELECTRODE
CATHETER
Fig. 7 .— Electrode catheters on arte ry  
The f i r s t  experiments were performed using rats as the experi­
mental animals in order to develop the form of the electrodes, to discover 
the best routes of entry into the vascular tree and to develop a protocol
fo r  the subsequent experiments using cats.
Several d i f fe re n t  approaches were used to investigate the resting
potentia ls  and the changes following a stimulus and each of these approaches
u t i l iz e d  the same inner electrode catheter. The h e lica l outer electrode
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catheter was also used in each of these except fo r the phenol experiment 
when the cup-shaped electrode catheter was used. For most of the experi­
ments the inner electrode catheter was inserted into the vascular tree  
through a small s l i t  in the wall of the femoral a r te ry  and s l id  up the 
femoral a r te ry  into the aorta . The outer electrode catheter was usually  
passed through the large abdominal incision and wrapped around the aorta
ju s t  caudal to the renal a r te r ie s .  The inner electrode catheter was
positioned so that the end o f th is catheter was immediately adjacent to
the pinhole in the outer electrode catheter (Figure 7 ) .
Resting Potential  
The resting potentia l was measured twenty-eight times in twenty 
d if fe re n t  cats. Care was taken in these measurements to ensure that the 
inner and outer catheters were exactly juxtaposed. The potentia l was 
recorded in each instance fo r  a s u f f ic ie n t  period to allow equilibrium  
to be achieved a f te r  the manipulations attendant upon placing the cathe­
te rs .
_ To discover whether the trauma in f l ic te d  by the large abdominal 
incision and the evisceration had eradicated the resting p o ten t ia l ,  the 
outer electrode catheter was wrapped around the femoral a rte ry  a t  the 
point of incision on the leg of one animal and the inner electrode cathe­
te r  was positioned in the lumen of the femoral a r te ry  immediately adjacent 
to the pinhole in the h e lix .  This animal had suffered the least amount of 
trauma consonant with performing the experiment— there was only the in tra -  
peri toneal in jec tion  of anesthetic, a h a lf  inch skin incis ion, and the 
small s l i t  in the femoral a rte ry  w a ll .
To investigate whether the d irection  of the flow of blood re la t iv e
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to the lumen of the electrode catheter had any e f fe c t  on the potentia l  
measured by the electrode the l e f t  common l i l a c  a rte ry  was t ied  o f f  and a 
small Incision was made In the wall of th is  a r te ry .  The Inner electrode  
catheter was passed through th is  s i l t ,  up the l e f t  common l i l a c  a rte ry  
and down the r ig h t.  The he lix  was wrapped around the right common l i l a c  
artery  Immediately adjacent to the end of the Inner catheter. This 
question was fu rth e r  Investigated by passing the Inner electrode catheter  
up the l e f t  renal a r te ry  and down the aorta a short distance. As usual 
the outer electrode catheter was wrapped around the aorta with the pin­
hole juxtaposed to the end of the Inner electrode catheter.
Pressor and Depressor Agents 
To discover the e ffec ts  of blood pressure changes on the poten­
t i a l  the Inner electrode catheter was Inserted via the femoral a r te ry ,  
as before described, or via the l e f t  common I l i a c  a rte ry , as before 
described. In order to Investigate a more vasoactive artery  than Is the 
aorta. The Infusion catheter was passed Into the vena cava via the 
femoral vein. A ll  Infusions were given a t  the rate of one cubic cen ti­
meter per minute. Four vasopressors— epinephrine, ten micrograms per 
minute, angiotensin, f iv e  micrograms per minute, vasopressin, twenty mlcro- 
grams per minute, and norepinephrine, f i f te e n  micrograms per minute— and 
four vasodepressors— adenosine triphosphate, one hundred micrograms per 
minute, acety lcholine, f i f te e n  micrograms per minute, bradyklnin, four 
micrograms per minute, and histamine, ten micrograms per minute—were used 
to change the blood pressure. Infusions of 0.85% sodium chloride so­
lution were given to measure the e f fe c t  of the dummy Infusion on the 
p o ten tia l.  Epinephrine, angiotensin, norepinephrine and acetylcholine
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were each administered eight times as these four agents produced the most 
marked and most prolonged changes in blood pressure. The remaining four 
agents were each administered four times.
Va socons t  r ic t io n
The e f fe c t  of chemically and e le c t r ic a l ly  induced vasocon­
s t r ic t io n  on the potentia l was investigated by passing the inner electrode  
catheter in to  the l e f t  common i l i a c  a r te ry  and down the r ig h t,  as before 
described. The h e l ix  was wrapped around the righ t common i l i a c  a r te ry .  
Epinephrine was dropped onto the r igh t common i l i a c  a r te ry ,  where i t  
passed through the h e l ix ,  a t the rate of approximately s ix  drops per 
minute.
Vasoconstriction was also produced by e le c t r ic a l  stim ulation .
The platinum electrodes used fo r  th is  stim ulation were placed one on e ith e r  
side of the a r te ry  immediately upstream from the h e l ix .  The stimulus f re ­
quency was ten pulses per second, the pulse duration was one millisecond, 
and the pulse amplitude was 10 mi 11iamperes.
T rauma
To investigate the e f fe c t  of trauma on the potentia l of the ar­
t e r ia l  w a ll ,  the inner electrode catheter was inserted via  the femoral ar­
te ry  into the aorta; 1) a hematoma was e ffected by in jec ting  whole blood 
into the a r te ry  w a ll ,  and the h e l ix  was wrapped around the aorta in such a 
manner tha t the hematoma was between the pinhole and the end of the inner 
electrode catheter, 2) phenol was painted on the adven tit ia  a l l  around the 
cup-shaped outer electrode catheter in order to coagulate the a r te ry  w a ll ,  
3) a needle was inserted into the r ig h t renal a r te ry  and the intima of the
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aorta opposite the root of th is  a r te ry  was scraped, the inner electrode
catheter was inserted into the r ig h t renal a r te ry  u n t i l  i t  abutted against
the damaged intima] surface, and the h e l ix  was wrapped around the aorta so 
that the damaged area was between the end of the inner electrode catheter 
and the pinhole, 4) massive trauma to a l l  a r te ry  wall layers was caused, 
a f te r  placement of the electrode catheters, by crushing the aorta, with a
Kelly clamp, s ix  times a l l  around the h e l ix .
Stasis
Stasis of the blood was brought about in two d i f fe re n t  ways:
I) rubber-shod hemostats were used to occlude the aorta  approximately two 
centimeters upstream from the electrode catheters and 2) the animal was 
k i l le d  by a pneumothorax with the electrode catheters in s i tu . In the 
l a t t e r  case the potentia l was followed for several minutes following the 
las t heart beat.
CHAPTER IV 
RESULTS
Electrode Evaluation 
The potentia l f ie ld  as computed and the potentia l f ie ld  as 
measured with the electrodes corresponded exactly , indicating that the 
electrodes were sampling accurately .
Measuring System D r i f t  
The d r i f t  of the Hewlett Packard Model 412A am p lif ie r  and the 
Grass Model 7 Polygraph was checked on f iv e  occasions and found to be less 
than minus 5 microvolts referred to the input of the a m p lif ie r  over a 
period o f 100 minutes, with the input open or shorted. The d r i f t  of the 
electrodes, a m p lif ie r ,  and polygraph was checked on f iv e  occasions with 
the e lectrode catheters in a 0.85% sodium chloride bath and the mean d r i f t  
in three hour periods was plus 3 microvolts with a range of plus 30 to 
minus 30 m icrovolts. No therm oelectric, t r ib o e le c tr ic  or p iezoelectr ic  
e ffe c ts  were noticed.
The in vivo d r i f t  of the electrodes was checked in fourteen ani­
mals and the mean d r i f t  was plus 0 .4  microvolts, with a range of plus 100 
to minus 100 microvolts in 30 minute periods. The d ifference between 
th is  d r i f t  and that of the electrodes in v i t r o  is a re f lec t io n  of the in­
creased noise level in v ivo . This d r i f t  is caused by changes in the e lec-
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trodes, potentia l changes aris ing  from the animal i t s e l f  and a lte ra tions  
in the e le c tro ly te  in the catheters caused by d iffus ion .
A l l  potentia ls  measured in vivo are referred to the outer elec­
trode both in sign and magnitude.
E lec tr ica l “Noise" in Animal 
There is a rather large, slowly changing DC potentia l f ie ld  in 
the animal which in terferes  with measurements of small po ten tia ls . This 
f ie ld  varies with a p er io d ic ity  of from three to f iv e  minutes and in 
magnitude as much as 200 microvolts peak to peak. This p e r io d ic ity  and 
magnitude is not constant but can vary considerably from one wave to the 
next (Figure 8 ) .  I f  measured between the a x i l la r y  space and the abdominal 
cavity  th is  potential was as much as 11 m i l l iv o l ts ,  with the a x i l la  posi­
t iv e  with respect to the abdominal cav ity . I f  measured from the femoral 
region to the abdominal cav ity  the potentia l was as much as 4 m i l l iv o l ts ,  
with the femoral region positive with respect to the abdominal cav ity .  
These potentia ls  were measured in the p a r t ia l ly  eviscerated animal and 
thus probably do not obtain normally.
Fig. 8 . — Sample trace of normal resting potentia l near renal
a r te r ie s
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Figure 9 is a p lo t of the po ten tia ls  found on the vascular tree  
of one animal. These measurements were made with the outer electrode  
catheter around the aorta , Just caudal to the renal a r te r ie s ,  and the 
inner electrode catheter was s l id ,  one centimeter a t  a time, from the 
femoral a r te ry  to the heart. A l l  po ten tia ls  are in m i l l iv o l t s .  This plot  
shows that i f  one electrode catheter was moved w ith in  the a r te ry  re la t iv e  
to the other a potentia l change was measured. This was an ind ication that  
the catheters were moving in the DC potentia l f ie ld .  Movements o f the 
animal, be they p e r is ta ls is ,  resp ira tion , pulse or skeleta l muscle in 
o r ig in ,  could result in the movement of the electrode catheters re la t iv e  
to one another and thus result in a change in the p o te n t ia l .
Resting Potentia ls
The resting potentia l found between the lumen and the adven tit ia  
of the aorta , common i l i a c  and femoral a r te r ie s ,  with the electrodes ju x ta ­
posed, was r e la t iv e ly  small— the mean o f twenty-eight measurements in 
twenty cats was plus 276 microvolts, lumen p os it ive , with a range of plus 
550 to minus 150 microvolts. Table 1 is a l i s t  of the po ten tia ls  found 
and Figure 10 is a histogram of these p o ten t ia ls .  In th is  f igu re  the 
height of the bar is proportional to the number of po ten tia ls  found to be 
w ith in  the 100 microvolt range designated on the abscissa.
Heparin E ffect
The f i r s t  experiments were performed in non-heparinized animals 
and, a f te r  the measuring system had been evaluated and some resting po­
te n t ia ls  had been measured, heparin, in doses of from one microgram to 
seven milligrams was injected into the femoral vein o f cats weighing
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Fig. 9 . ““ Pattern of resting potentia ls  on aorta , in m i l l iv o l ts ,  
in one animal
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TABLE 1
RESTING POTENTIAL DIFFERENCES BETWEEN ARTERY LUMEN AND ADVENTITIA, 
WITH ELECTRODE CATHETERS JUXTAPOSED, OVER TEN MINUTE 
PERIODS IN TWENTY DIFFERENT CATS
M e a s u re d F l u c t u a t i o n
P o t e n t i a l
- J50 + 50 m c r o v o ts
- 50 ± 15 m c r o v o t s
+ 30 i 80 m c r o v o t s
■ + 40 + 80 m c r o v o t s
+ 75 + 10 m c r o v o t s
+ 100 + 20 ID c r o v o t s
4- 100 + 25 ID c r o v o t s
■ + 100 + 20 ID c r o v o t s
+ 100 + 10 ID c r o v o t s
+ 180 + 10 ID c r o v o t s
■ 4- 200 + 50 ID c r o v o ts
4- 250 + 20 ID c r o v o ts
4- 300 + 50 ID c r o v o t s
4- 300 + 50 ID c r o v o t s
4- 325 + 50 m c r o v o t s
4- 350 + 50 ID c r o v o ts
4- 350 50 ID c r o v o t s
4- 350 30 ID c r o v o t s
4- 370 ■i 20 ID c r o v o t s
... ^ 400 ± 50 m c r o v o t s
4- 400 *• 50 ID c r o v o ts
+ 450, * 50 ID c r o v o ts
+ 475 * 40 ID c r o v o t s
+ 500 * 50 m c r o v o ts
4- 500 ± 50 m c r o v o t s
4- 500 ± 100 ID c r o v o t s
4- 525 25 ID c r o v o ts
+ -5 5 0 * 50 ID c r o v o ts
4- 7670 ■t 1155
X =  4- 276 ± 42 m i c r o v o l t s
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MINUS MICROVOLTS PLUS
Fig. 10.— Histogram of resting potentia ls  found In twenty cats 
approximately three and a h a lf  kilograms. These In jections caused changes 
In the potentia l of from plus 70 to minus 25 microvolts with a mean po­
te n t ia l  change of plus 15 microvolts, when given In doses of one milligram  
or larger per cat (Table 2 ) .  These changes occurred w ith in  f iv e  minutes 
and are s ig n if ic a n t  a t  the 0.2  level of confidence.
Blood Pressure Change Effect  
A ll  Infusions were a t  the rate of one cubic centimeter o f so­
lu tion  per minute. The concentrations of the agents were adjusted u n ti l  
a s ig n if ic a n t  change In blood pressure followed th is  Infusion ra te . Nine 
control Infusions of 0.85% sodium chloride solution (the solvent for a l l  
of the agents) were followed by a change In potentia l of from plus 25 to 
minus 25 microvolts with a mean change of 0 microvolts (Table 3 ) .
Eight Infusions of epinephrine a t  ten micrograms per minute raised 
the blood pressure as much as 70 m illim eters  of mercury fo r  as long as s ix
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TABLE 2
EFFECT OF HEPARIN ON THE POTENTIAL IN NINE CATS
Dose Potential Change 
Within F Irs t  
Five Minutes
1 mil Igram - 25 microvolts
1 mil 1 g ram - 5 microvolts
1 mil Igram + 5 microvolts
5 mil 1 g rams - 5 microvolts
5 mil 1 g rams + 25 microvolts
5 mil 1 g rams + 50 microvolts
5 mil 1 g rams + 70 microvolts
7 mil 1 g rams 0 microvolts
7 mil 1 g rams + 5 microvolts
+ T5S
= +15 microvolts, +70 to -25 microvolt!
<0.2 that th is  change 1 s due to  chance
TABLE 3
EFFECT OF CONTROL SOLUTION, 0.85% SODIUM CHLORIDE, 
ON THE POTENTIAL IN NINE CATS
Blood Pressure 
Response In 
M illim eters  of 
Mercury
-  2
0 
0 
0 
0 
0 
0 
+ 2 
+ 2
Potentia l Change 
In F i rs t  F ifteen  
Minutes
-  15 microvolts
-  10 microvolts
-  10 microvolts  
+ 5 microvolts  
+ 10 microvolts  
+ 10 microvolts  
+ 25 microvolts
-  25 microvolts  
+ _]£ microvolts
0
X = 0 microvolts, +25 to -25 microvolts
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minutes and were followed by a change in potentia l of from plus 100 to 
minus 75 microvolts, with a mean change of plus 25 microvolts (Table 4 and 
Figure 11). This change is s ig n if ic a n t  a t  the 0 .4  level of confidence.
TABLE 4
EFFECT OF EPINEPHRINE ON THE POTENTIAL IN EIGHT CATS
Blood Pressure Potential Change
Response in in F irs t  F ifteen
Mi 11imeters of Minutes
Mercury
+ 50 -  75 microvolts
+ 60 + 50 microvolts
+ 60 + 150 microvolts
+ 70 + 20 microvolts
+ 70 + 100 microvolts
+ 70 -  20 microvolts
+ 75 -  20 microvolts
+ 75 + 20 microvolts
+ 200 microvolts
X = +25 microvoltsI, +150 to -75 microvolts
p < 0 .4  that th is  change is due to chance
.p ftip . VERTICAL t 50 m U IN nC R t MDKWV H M »  I 
HORIZONTAL: 10 KCOHDS
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Fig. 11,— Sample trace of response to epinephrine 
Eight infusions o f angiotensin a t  f iv e  micrograms per minute
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raised the blood pressure as much as 115 m illim eters of mercury fo r  as
long as s ix  minutes and were followed by a change in potentia l of from
plus 40 to minus 40 microvolts, with a mean change of minus 2 microvolts 
(Table 5 ) .  This change is not s ig n if ic a n t .
TABLE 5
EFFECT OF ANGIOTENSIN ON THE POTENTIAL IN EIGHT CATS
Blood Pressure Potential Change
Response in in F irs t  Fifteen
M illim eters  of Minutes
Mercury
+ 100 + 5 microvolts
+ 100 + 20 microvolts
+ 1 1 0  -  40 microvolts
+ 110 - 25 microvolts
+ 1 1 0  5 microvolts
+ 1 1 0  + 1 0  microvolts
+ 115 -  20 microvolts
+ 115 _ + 40 microvolts
-  15
X = -2 microvolts, +40 to -40 microvolts 
p >  >0.5 that this change is due to chance
Four infusions of vasopressin a t  twenty micrograms per minute 
e ith e r  lowered the blood pressure as much as 25 m illim eters of mercury for  
as long as two minutes or the blood pressure did not change, and were 
followed by a change in potential" of from plus 30 to minus 50 m icrovolts, 
with a mean change o f minus 1 microvolt (Table 6 ) .  This change is not 
s ig n if ic a n t .
Eight infusions of norepinephrine a t  f i f te e n  micrograms per 
minute raised the blood pressure as much as 75 m illim eters o f mercury for  
as long as f iv e  minutes and were followed by a change in potentia l of from 
plus 10 to minus 10 microvolts, with a mean change of minus 1 microvolt
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(Table 7 ) .  This change is not s ig n if ic a n t .
TABLE 6
EFFECT OF VASOPRESSIN ON THE POTENTIAL IN FOUR CATS
Blood Pressure Potential Change
Response in in F irs t  Fifteen
M illim eters  of Minutes
Mercury
-  25 -  10 microvolts
-  20 -  50 microvolts
-  5 + 30 microvolts
0 + 25 microvolts
-  5
X = -1 m icrovolt, +30 to -50 microvolts
p > >0.5 that th is  change is due to chance
TABLE 7
EFFECT OF NOREPINEPHRINE ON THE POTENTIAL IN EIGHT CATS
Blood Pressure Potential Change
Response in in F irs t  Fifteen
M illim eters  of Minutes
Mercury
+ 40 + 5 microvolts
+ 50 + 5 microvolts
+ 60 -  10 microvolts
+ 70 -  10 microvolts
+ 70 -  5 microvolts
+ 70 + 10 microvolts
+ 75 -  5 microvolts
+ 75 0 microvolts
-  10
X = -1 m icrovolt, +10 to -10 microvolts
p > >0.5 that th is  change is due to chance
Four infusions of adenosine triphosphate a t  one hundred micrograms 
per minute lowered the blood pressure as much as 20 m illim eters of mercury
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fo r  as long as one minute and were followed by a change in potential of 
from plus 30 to plus 5 microvolts, with a mean change of plus 16 micro­
volts  (Table 8 ) .  This change is s ig n if ican t  a t  the 0.1 level of confi­
dence.
TABLE 8
EFFECT OF ADENOSINE TRIPHOSPHATE ON THE POTENTIAL IN FOUR CATS
Blood Pressure Potential Change
Response in in F irs t  F ifteen
M illim eters  of Minutes
Mercury ■ '
-  20 + 30 microvolts
-  10 + 5 microvolts
-  10 + 10 microvolts
■ 0 + 20 microvolts
+ 65
X = +16 m icrovolts, +30 to +5 microvolts
p <0.1 that th is  change is due to chance
Eight infusions of acety lcholine a t  ten micrograms per minute 
lowered the blood pressure as much as 75 m illim eters of mercury fo r  as
long as s ix  minutes and were followed by a change in potential of from
plus 350 to minus 100 microvolts with a mean change o f  plus 90 microvolts
(Table 9 and Figure 12). This change is s ig n if ic a n t  a t  the 0.15 level of
confidence.
Four infusions of bradyklnin a t  four micrograms per minute lowered 
the blood pressure as much as 30 m illim eters of mercury fo r  as long as 
three minutes and were followed by a change in po ten tia l  o f  from plus 40 
to minus 30 microvolts, with a mean change o f  plus 3 microvolts (Table 10). 
This change is not s ig n if ic a n t .
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TABLE 9
EFFECT OF ACETYLCHOLINE ON THE POTENTIAL IN EIGHT CATS
Blood Pressure 
Response In 
M1111meters of 
Mercury
-  60 
-  60
-  65
-  65
-  65
-  70
-  70
-  75
Potential Change 
In F i rs t  F ifteen  
Ml nutes
-  20 microvolts 
+ 30 microvolts
-  100 microvolts 
+ 150 microvolts 
+ 300 microvolts
10 microvolts  
+ 350 microvolts  
+ 20 microvolts
+ 720
X = 490 microvolts, +350 to -100  microvolts  
p <0.15  that th is  change Is due ^o chance
Fig. 12.--Sample trace o f response to acetylcholine  
Four Infusions of histamine a t  ten micrograms per minute lowered 
the blood pressure as much as 50 m ill im eters  o f mercury fo r  as long as 
four minutes and were followed by a change In potentia l of from plus 100 
to minus 10 microvolts, with a mean change o f plus 35 microvolts (Table
35
1).- This change is s ig n if ic a n t  a t  the 0.3 level of confidence.
TABLE 10
EFFECT OF BRADYKININ ON THE POTENTIAL IN FOUR CATS
Blood Pressure 
Response in 
Mi 11imeters of  
Mercury
0
-  10 
-  10 
-  30
Potential Change 
in F irs t  F ifteen  
Minutes
-  30 microvolts
-  10 microvolts -  
+ 10 microvolts
+ microvolts  
+ 10
X = +3 microvolts, +40 to -30 microvolts  
p >  >0.5 that th is  change is due to chance
TABLE 11
EFFECT OF HISTAMINE ON THE POTENTIAL IN FOUR CATS
Blood Pressure 
Response in 
Mi 11imeters of  
Mercury
-  25
-  40
-  45
-  50
Potential Change 
in F irs t  F ifteen  
Minutes
+ 40 microvolts  
10 microvolts  
+ 100 microvolts  
+ 10 microvolts
+ T5Ô
X = +35 microvolts, +100 to -10 microvolts  
p <0.3 tha t th is  change is due to chance
Local Vasoconstriction E ffect
Chemically Induced Vasoconstriction  
Epinephrine was dropped on the common i l i a c  a rtery  on s ix  occasions
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fo r  periods of up to one hour. The a rte ry  constricted to an estimated 
three fourths of I ts  unstlmulated size . This change In a r te ry  size was 
followed by a change In -th e  potentia l of from minus 20 to minus 40 micro­
vo lts ,  with a mean change of minus 37 microvolts. The potentia l remained 
w ith in  minus 60 microvolts for an hour a f te r  the epinephrine stopped 
dropping on the a r te ry  (Table 12), This change Is s ig n if ican t  a t  the
0.001 level of confidence.
TABLE 12
EFFECT OF VASOCONSTRICTION ON THE POTENTIAL IN SIX CATS
Epinephrine
5 minutes -  20 microvolts
5 minutes -  40 microvolts
10 minutes -  40 microvolts
10 minutes -  40 microvolts
30 minutes -  40 microvolts
60 minutes -  40 microvolts
-  220
X = -37 microvolts, -20 to -40 microvolts
p <0.001 that th is  change Is due to chance
E le c t r ic i ty
5 minutes -  20 microvolts
5 minutes -  20 microvolts
10 minutes -  20 microvolts
15 minutes -  20 microvolts
15 minutes -  20 microvolts
60 minutes + 60 microvolts
-  -ÇÔ
X = -7  microvolts, +60 to -20 microvolts
p >  >0 .5  that th is  change Is due to chance
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E le c t r ic a l ly  Induced Vasoconstriction  
The common i l i a c  a r te ry  wa.s stimulated e le c t r ic a l ly  on six  
occasions fo r periods of up to one hour. The a r te ry  constricted to an 
estimated three fourths of i ts  unstimulated s ize . This change in a rte ry  
size was followed by a change in potentia l of from plus 60 to minus 20 
microvolts, with a mean change of minus 7 microvolts. The poten tia l  re­
mained w ith in  minus 60 microvolts fo r an hour following cessation of the 
stimulus (Table 12). This change is not s ig n if ic a n t .
Artery  Wall Damage E ffect  
The potentia l change following hematoma In the wall o f  the ar­
tery in s ix  cats was from plus 70 to minus 80 microvolts, with a mean 
change of minus 7 microvolts (Table 13). The potentia l was followed for  
fo r ty  minutes a f te r  in je c tin g  the blood. This change is not s ig n if ic a n t .
The potential change following coagulation of the a r te ry  by phenol 
on s ix  occasions was from plus 25 to minus 25 microvolts, with a mean of 
minus 1 microvolt. The potentia l was followed fo r  t h i r ty  minutes following  
the app lication of the phenol (Figure 13 and Table 13). This change is not 
s ig n if ic a n t .
The potential change following intimai damage s u f f ic ie n t  to cause 
a c lo t  on the intima on s ix  occasions was from plus 80 to minus 100 micro­
v o lts ,  with a mean change of minus 11 microvolts. The potentia l was 
followed fo r fo rty  minutes following the intimai damage (Figure 14 and 
Table 13). This change is not s ig n if ic a n t .
The potential change following crushing o f the a r te ry  on s ix  oc­
casions was from plus 300 to minus 300 microvolts, with a mean change of 
minus 17 microvolts (Table 13). The potentia l was followed fo r  one hour
TABLE 13
EFFECT OF TRAUMA ON THE POTENTIAL IN SIX CATS
Hematoma >
80 microvolts  
70 microvolts  
50 microvolts  
-+ 30 microvol ts
+ 60 microvolts
+ 70 microvolts w
-  40 “
X = -7  m icrovolts, +70 to -80 microvolts
p > > 0 .5  that th is  change is due to chance
Coagulation
25 microvolts  
20 microvolts
10 microvolts ^
+ 10 microvolts '
+ 15 microvolts
+ 2^ microvolts
-  5
X = -1 m icrovolt, +25 to -25 microvolts 
p >  >0 .5  that th is  change is due to chance
TABLE 13— C ontinued
Intimai
-  100 microvolts
40 microvolts 
15 microvolts 
0 microvolts  
+ 10 microvolts
+ ^  microvol ts
+ 65
VJ
X = -11 microvolts, +80 to -100 microvolts
p >  >0 .5  that th is  change is due to chance
Crushing
- 300 microvolts
- 100 microvolts
- 100 microvolts
0 microvolts
+ 100 microvolts
+ ioo microvolts
- 100
X = -17 microvolts, +300 to -300 microvolts 
p > > 0 . 5  that th is  change is due to chance
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Fig. 13. — Coagulated artery  
a f te r  the crushing was done. These large potential changes were probably 
due to movements of the aorta and electrode catheters when the crushing was 
done. This change Is not s ig n if ic a n t .
Occlusion and Stasis Effect  
Thé potentia l change following occlusion of the aorta on fo r ty -  
two occasions was from plus 50 to minus 50 microvolts, with a mean of plus 
7 microvolts. This potential change occurred when the aorta was occluded 
even a f te r  death possibly Indicating that the change was a re f lec tio n  of 
the physical movement of the aorta caused by the hemostat rather than a 
real change In potential due to stasis (Figure 15 and Table 14). This 
change Is not s ig n if ic a n t .
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Fig. 14.— Abraded artery
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Fig. 15.— Sample trace of response to occlusion
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TABLE 14
EFFECT OF OCCLUSION ON THE POTENTIAL IN NINE CATS
- 50 microvo ts
- 50 microvo ts
- 50 microvo ts
- 50 microvo ts a f te r death
- 40 microvo ts a f te r death
- 25 microvo ts a f te r death
- 25 microvo ts
- 20 microvo ts
- 20 microvo ts
- 20 microvo ts
- 15 m i c rovo ts a f te r death
- 10 microvo ts
- 10 microvo ts
- 10 microvo ts
- 10 microvo ts
- 10 microvo ts
- 2 microvo ts
+ 2 microvo ts a f te r death
+ 5 microvo ts
+ 10 microvo ts a f te r death
+ 10 microvo ts
+ 10 m i c rovo ts
+ 10 microvo ts
+ 10 microvo ts
+ 10 microvo ts
+ 20 microvo ts a f te r death
+ 20 microvo ts
+ 25 microvo ts
+ 25 microvo ts
+ 25 microvo ts
+ 35 microvo ts
+ 35 microvo ts
+ 35 microvo ts
+ 40 microvo ts a f te r death
+ 40 microvo ts
+ 50 microvo ts a f te r death
+ 50 microvo ts
+ 50 microvo ts
+ 50 microvo ts
+ 50 microvo ts
+ 50 microvo ts
+ 50 microvo ts
+ 300
X = + 7 microvolts, +50 to  -50  microvolts  
p >  >0.5 that th is  change is due to chance
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The potentia l change following pneumothorax and cessation of the 
heart beat on ten occasions was from plus 85 to minus 75 microvolts, with  
a mean change of minus 4 microvolts. The potentia l was followed fo r  f i f ­
teen minutes a f te r  the last heart beat (Table 15). This change is not 
s ig n if ic a n t .
TABLE 15
EFFECT OF STASIS ON THE POTENTIAL IN TEN CATS
-  75 microvolts
-  50 microvolts  
~ -  40 microvolts
-  30 microvolts
-  10 microvolts
0 microvolts
+ 10 microvolts
+ 30 microvolts
+ 40 microvolts
+ 85 microvolts
- Ï Ï Ô  •
X = - 4  microvolts, +85 to -75 microvolts  
p >  > 0 .5  that th is  change is due to chance
C lotting  E ffec t
Flushing of the inner electrode catheter caused l i t t l e  or no 
change in the potentia l measured by the electrodes i f  only a short time 
had elapsed since the previous flushing. I f ,  however, s u f f ic ie n t  time 
had elapsed since the previous flushing fo r  a c lo t  to form or fo r  d i f ­
fusion to have occurred in s ig n if ic a n t  amounts, the change in potentia l 
following flushing was considerable. This change in potentia l was some­
times as much as 1 m i l l i v o l t  e ith e r  pos itive  or negative.
CHAPTER V 
DISCUSSION
The experiments reported in th is  paper indicate that the resting  
potentia l between the lumen and the adventit ia  o f the large a r te r ie s  is 
small (mean of twenty-eight measurements plus 2/6  m icrovolts), and that 
th is  potentia l is stable. The changes in potential following the various 
stimuli are a l l  small, with the largest potential changes occurring 
following the infusion of acetylcholine. This change may be due to the 
fac t  that th is  agent may raise the hydrogen ion concentration thereby 
raising the po ten tia l.  This change of 90 microvolts corresponds to a pH 
change o f less than 0.002 pH un its , ce r ta in ly  too small a change to be 
measurable except with a system comparable to the one used in th is  experi­
ment to measure the resting poten tia ls . S im ilar ly , the potential changes 
following the infusions of adenosine triphosphate may be due to the same 
mechanism, as th is  agent also would release hydrogen ions. The oppositely  
directed s h i f t  in potential during local vasoconstriction Induced by 
epinephrine could be explained by the same mechanism i f  i t  is remembered 
that in th is  case the outer electrode catheter would be the one affected  
by the change in pH.
None of the other changes are large enough to unequivocally rule  
out the p o s s ib i l i ty  that the changes are due to the e le c t r ic a l  noise in 
the animal and to electrode d r i f t .  Only three results were s ig n if ican t
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to the 0.15 level of s ignificance. Large Increases in blood pressure, as 
occurred during infusion of epinephrine, are followed by changes in po­
te n t ia l  o f  the same sign as those which fo llow  large decreases in blood 
pressure, as occurred during infusion o f acety lcholine. These potentia l  
changes are not correlated with the blood pressure changes. P ra c t ic a l ly  
no change in blood pressure occurred during infusions of bradykinin yet 
the potentia l changed in a s im ilar  manner. The changes in potentia l  
following the infusions of sodium ch loride indicate the amount of spurious 
potentia l which can be generated by the animal i t s e l f .
The frequently seen three to  f iv e  minute f luc tuation  in po­
te n t ia l  of unknown o r ig in  fu rther  complicates the in terpre ta tion  of any 
change which is not of a s u f f ic ie n t  s ize  or is not rapid enough to rule  
out the p o s s ib i l i ty  that i t  is a spurious potentia l change. The average 
change in po ten tia l- fo llo w in g  each type of stimulus is from plus 36 micro­
volts  fo r  the depressor agents to minus 22 microvolts fo r  the vaso­
co n str ic t ion . These changes do not seem large enough to be causative  
factors in e lectrophoretic  c lo t  formation (Table 16).
These equivocal, and small, changes in po ten tia l,  most of which 
are not s ig n if ic a n t ,  in response to extreme stim uli would seem to cast 
doubt upon the hypothesis that the mechanism whereby a c lo t  or plaque Is 
formed is one of an e lectrophoretic  nature. The change in potentia l  
following the various stimuli used in the foregoing experiment, of from 
plus 36 to minus 22 microvolts, would cause a potentia l gradient across 
an a r te ry  wall of one h a l f  a m il l im e te r  thickness of less than one m i l l i ­
v o l t  per centim eter. This would cause a current density of less than 10 
microamperes per square centimeter, which value is well below the minimum 
current density required to form intravascular clots (20).
TABLE 16
MEANS OF POTENTIAL CHANGES FOLLOWING THE VARIOUS STIMULI
Stimulus Mean Range P
0 . 85% Sodium Chloride 0 microvolts + 25 to -  25 microvolts
Heparin 4- 15 microvolts + 70 to -  20 microvolts < 0 .2
Pressor Agents
Epinephrine + 25 microvolts + 100 to -  75 microvolts < 0 .4
Angiotensin - 2 microvolts + 40 to -  40 microvolts > 0.5
Vasopressin - 1 microvolt + 30 to -  50 microvolts > 0 .5
Norepinephrine - 1 microvolt + 10 to 10 microvolts > 0.5
+ 21
X = + 5 microvolts
Depressor Agents
Adenosine Triphosphate + 16 microvolts + 30 to + 5 microvolts <0 .1
Acetylcholine + 90 microvolts + 350 to -  100 microvolts <0.15
Bradykinin + 3 microvolts + 40 to 30 microvolts > 0 .5
Histamine + 35 microvolts + 100 to 10 microvolts < 0 .3
+ i t s
X = + 36 microvolts
Jr-O'
TABLE 16“ -Continued
Stimulus Mean Range P
Vasoconstriction
Chemical _ 37 microvolts _ 20 to “ 40 microvolts <0.001
E lec tr ica l 7 microvolts + 60 to -  20 microvolts >0 .5
-
X = - 22 microvolts
A r te r ia l  Wall Damage
Hematoma _ 7 microvolts + 70 to -  80 microvolts >0.5
Coagulation - 1 microvolt + 25 to “ 25 microvolts >0 .5
Intimai - 11 microvolts + 80 to -  100 microvolts >0.5
Crushing <■ 17 microvolts + 300 to -  300 microvolts >0.5
- 3 5
X = - 9 microvolts
Occlusion - 7 microvolts + 50 to -  50 microvolts >0.5
Stasis - k  microvolts + 85 to -  75 microvolts >0.5
- f
■ » 4
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Sawyer and his group (16 to 19) reported a resting poten tia l of  
from minus 1 to minus 5 m i l l iv o l ts  between the lumen and the adventBtia  
of the aorta . They fu rther  reported that th is  potentia l changed poDarity  
and magnitude making the lumen to adventit ia  potentia l plus 1 to pluis 15 
m il l iv o l ts  following in jury .
On the basis o f  th is  report the experiments described in t f t i  s 
paper were undertaken. Shortiy a f te r  these experiments began i t  beocame 
obvious that the previous reports were in erro r  and, a f te r  they werae 
nearly completed Sawyer (33) reported that his o r ig in a l results werae indeed 
in error and that the potentia ls  measured were those resulting from 
streaming poten tia ls . His group has recently measured streaming po­
te n t ia ls  in the rabbit aorta of from minus 10 to minus 30 m i l l iv o l t : ;  (33).
As these experiments progressed several possible sources o f  the 
potentia ls  measured by the orig ina l investigators (16 to 19) were f«ound. 
in these or ig ina l experiments the electrodes were not juxtaposed, nto 
provision was made to flush the electrodes free of c lo tted  blood, a nd 
damaged tissue was allowed, even d e lib era te ly  interposed, between th e  two 
electrodes. In add ition , the electrodes were moved re la t iv e  to one= 
another while potentia ls  were being measured. Each one of these er-rors in 
method can account fo r  a considerable p o ten t ia l .  In the experiment:; re­
ported herein the potentia l between an electrode catheter in the ar-tery  
lumen and another wrapped f irm ly  around the a r te ry  can measure as nauch as 
3.5  m i l l iv o l t s ,  depending on the placement in the arte ry  of the innmer 
electrode catheter re la t iv e  to the outer (Figure 9 ) .  This potential) Is 
not a cha ra c te r is t ic  o f the artery  but rather is a characteris tic  ocf the 
tissue in which the a r te ry  l ie s .  That is , the same pattern of potestitials 
is measured whether both electrode catheters are simultaneously insaide the
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a r te ry  or simultaneously outside, or i f  one is inside the arte ry  and the 
other is outside or i f  both electrode catheters are in tissue space.
Clots inside the catheter lumen or on the end of the catheter can cause a 
potential of more than a m i l l iv o l t  of e ith e r  sign. Damaged tissue is well 
known to produce potentia ls  of anything up to plus 90 m i l l iv o l ts  (15).
The potentia ls  on the vascular tree (Figure 9) would also be measured as 
potential changes i f  the electrode catheters are moved re la t iv e  to one 
another up and down the aorta.
Any or a l l  of these sources of potentia l could account for the 
erroneous results reported by Sawyer.
There is no doubt that streaming potentia ls  ex is t in the aorta  
and other a r te r ie s  but an accurate measurement would be a d i f f i c u l t  pro­
cedure as these streaming potentia ls  are superimposed on the large DC po­
te n t ia l  f ie ld  in the animal. As an adjunct to the measurements made in 
th is  experiment an approximate value of minus 200 microvolts for the 
streaming potentia l may be derived. That the DC potential f ie ld  in the 
animal is not due to streaming poten tia ls  is c e r ta in ,  because this f ie ld  
changes but l i t t l e  in the f i r s t  few minutes following cessation of the 
heart beat. The three to f iv e  minute p e r io d ic ity  in this potential has 
no obvious connection with respiratory  movements, p e r is ta ls is  movements, 
skeletal muscle movements, or changes in blood pressure. The p o s s ib i l i ty  
ex is ts ,  however, that movement of the aorta could have occurred over that 
long a period of time and not be noticed. A r e la t iv e ly  small movement 
could account for a change in potentia l of 200 microvolts. This movement 
of the aorta could be the result of p e r is ta ls is  or diaphragmatic movements. 
None of these organs was constrained during the experiment.
CHAPTER VI 
SUMMARY
The DC resting potentia l d ifference between the lumen and the 
ad ven tit ia  of the aorta, the common I l i a c ,  and the femoral a r te r ie s  was 
measured In the unstlmulated, anesthetized animal. For th is  measurement 
the two electrodes were c a re fu l ly  juxtaposed, one Inside and the other 
outside, the a r te ry .  Following th is  measurement various stim uli were 
applied to the animal and the potentia l changes following th is  stimulus 
were recorded. The stimuli used were of four types: 1) a r t e r ia l  wall
damage In f l ic te d  by crushing with a clamp, by phenol coagulation, by 
Intimai abrasion, and by an Intramural In jec tion  o f blood, 2) Increases 
and decreases In blood pressure Induced by vasoactive agents, 3) local 
vasoconstriction Induced by chemicals and by e le c t r ic a l  stim ulation of 
the w all muscle, and 4) In terruption of blood flow by mechanical 
occlusion of the arte ry  and by pneumothorax.
The resting potentia l d ifference between the lumen and the ad­
v e n t i t ia  was very small— the mean o f 28 measurements In 20 d i f fe re n t  
animals was 276 microvolts, lumen pos it ive  with respect to the adven tit ia ,  
with a range o f from plus 550 microvolts to minus 150 microvolts. 
Furthermore, th is  potential proved to be very s ta b le - - th e  largest changes 
following the various stim uli were plus 90 microvolts a f te r  Infusions of
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acetylcholine and minus 37 microvolts a f te r  chemically induced local 
vasoconstriction. There was no corre la t ion  between the d irection  of the 
blood pressure change due to d if fe re n t  agents and the d irection  of the 
potentia l change.
The results of th is  experiment indicate that the large ar­
te r ies  do not e x h ib it  a large in jury potentia l and therefore that the 
electrophoretic  theory of the genesis of intravascular thrombi and 
perhaps plaques, a t  least as viewed from a gross, as opposed to a micro­
scopic, leve l,  would seem to be inva lid .
H e u r is t ic a l ly ,  th is  experiment indicates that a further study 
of the e le c t r ic a l  forces in blood and th e ir  role in maintaining f lu id i t y  
and in c lo t t in g  w i l l  involve an investigation of the zeta p o ten tia l.
This potentia l may ass is t in maintaining f lu i d i t y  by preventing clumping 
and stasis of c e l ls  by v ir tu e  of the e le c t ro s ta t ic  repulsion due to th is  
p o ten tia l.  These forces are e f fe c t iv e  only w ith in  a few molecular 
diameters of the charged surface of the c e l l .
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